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Abstract
Myosins exist that are fused to domains that harbour signalling activities. Class III myosins (NINAC) are protein kinases
that play important roles in phototransduction. Class IX myosins inactivate the small G-protein Rho that acts as molecular
switch. Because these myosins interact via their myosin head domain with actin filaments, they link signal transduction to the
actin cytoskeleton. The exact motor properties of these myosins, however, remain to be determined. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Hybrid myosin-signalling molecules
Myosins are mechanoenzymes that convert chem-
ical energy, liberated by ATP hydrolysis, into me-
chanical force along actin ¢laments. We now know
that a large number of such myosins exist that share
a conserved sequence with the head domain of the
well known muscle myosin. Based on a comparison
of these conserved head domain sequences, myosins
have been subdivided currently into 15 di¡erent
classes [1]. Although biochemical data are available
from myosins of only a few classes, it is assumed that
all these head domains bind and hydrolyse ATP in
an actin stimulated manner. Structural changes in the
head domains accompanying the ATP hydrolysis
cycle are transmitted to a neck region of variable
length that is directly following the head domain.
The neck regions are stabilized by the binding of
light chains which allows them to swing like a lever
arm [2]. In addition to providing the neck regions
with a certain rigidity, the light chains also partici-
pate in the regulation of the ATPase and motor ac-
tivities. These light chains are either calmodulin or
related to calmodulin and belong to the EF-hand
family of proteins. Regulatory mechanisms involve
direct binding of calcium ions to the light chains or
the posttranslational modi¢cation of the light chains
by phosphorylation. The myosin head domain to-
gether with the neck or regulatory domain forms
the motor region that is su⁄cient for mechanical
force production along actin ¢laments. C-Terminal
to the motor region, the myosin heavy chains contain
a tail region. These tail regions are not conserved
between di¡erent classes of myosins. They frequently
contain motifs also found in other molecules that are
involved in protein-protein or protein-phospholipid
interactions. Some of the tail domains form homo-
dimers and therefore give rise to double-headed my-
osins. Some myosins also contain extensions N-ter-
minal to their head domains. Two classes of myosins
contain known signalling motifs. Class III myosins
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exhibit an N-terminal S/T protein kinase domain and
class IX myosins exhibit in their tail domains a
GTPase activating domain for Rho family small G-
proteins. These two classes of myosins will be re-
viewed here.
2. Class III myosins and phototransduction
The ¢rst class III myosin was identi¢ed in Droso-
phila melanogaster as a gene defective in photorecep-
tion, called ninaC (neither inactivation nor afterpo-
tential C) [3]. The fruit £y’s compound eye is
composed of 800 repeat units referred to as omma-
tidia. Each ommatidium contains eight photorecep-
tor cells, which fall into three classes on the basis of
spectral and morphological criteria. Photoreceptor
cells are the specialized neuronal cells in which pho-
totransduction takes place. Following absorption of
light by the photopigment rhodopsin, there is a series
of events leading to a change in the permeability for
ions in the photoreceptor cell membrane. The photo-
transductive structure of the photoreceptor cells con-
sists of parallel arrays of tightly packed microvilli
known as rhabdomeres. Like the brush border mi-
crovilli, the rhabdomeral microvilli contain actin ¢l-
aments which have their plus ends at the tip of a
microvillus. Many Drosophila mutants have been iso-
lated that are defective in photoreception and pro-
cessing of the light-initiated signals in photoreceptor
cells. Many of the mutations were identi¢ed on the
basis of eliciting abnormal electroretinogram (ERG)
recordings [4]. ERGs measure the change in potential
due to the extracellular current £ow in the eye in
response to light. The ninaC mutant was originally
identi¢ed on the basis of an altered ERG due to
retinal degeneration. The ninaC locus is expressed
speci¢cally in photoreceptor cells as two proteins of
132 kDa (p132) and 174 kDa (p174) molecular mass,
respectively [3]. These two proteins encode an NH2-
terminal domain homologous to protein kinases
joined to a region homologous to the myosin heavy
chain motor domain (Fig. 1). The two proteins di-
verge at their COOH-termini due to alternative splic-
ing. The C-terminal extension unique to p174 is 420
amino acids in length, while that of p132 is 54 amino
acids long. The NINAC p174 has two binding sites
for the light chain calmodulin, whereas NINAC p132
contains only a single calmodulin light chain [5].
These two splice variants of NINAC are di¡eren-
ninaC
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Fig. 1. Schematic diagrams of class III and class IX myosins. NinaC, D. melanogaster ninaC is alternatively spliced at the C-terminus
(grey) giving rise to the two forms p174 and p132; Lp p122, L. polyphemus p122; myr 5 and myr 7, Rattus norvegicus myosins 5 and
7; HsIXB, Homo sapiens myosin IXB1/2 alternatively spliced at the C-terminus; hum-7, C. elegans myosin heavy chain of unconven-
tional myosin. Red, protein kinase domain; yellow, myosin head domain; green, light chain binding domain; brown, N-terminal ex-
tension and myosin head insertion; blue, C6H2-zinc binding motif; pink, Rho GTPase-activating protein domain (RhoGAP); black,
predicted K-helical coiled-coil ; grey, alternatively spliced regions.
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tially localized in the photoreceptor cells. p174 is
localized exclusively to the microvillar portion of
the photoreceptors, the rhabdomeres, and p132 is
restricted to the cell bodies [6]. More recently, mem-
bers of class III myosins have also been cloned from
retinal cDNA libraries of the horseshoe crab Limulus
polyphemus, ¢sh and humans [7^9]. The Limulus my-
osin III was localized to the cytoplasm of the retin-
ular cells and in the photosensitive rhabdoms of the
lateral eye [7]. The lateral eyes of Limulus undergo
dramatic daily changes in both structure and func-
tion that lead to enhanced retinal sensitivity and re-
sponsiveness to light at night. These changes are con-
trolled by a circadian neural input that (when
activated) triggers an elevation of cAMP concentra-
tions in the retinal cells (for review see [10]). This rise
in cAMP concentration leads to the phosphorylation
of the myosin III. It is not yet known in what struc-
tural and functional changes the clock regulated
phosphorylation of Limulus myosin III is involved.
3. Evidence for signalling activity of myosin III
Null mutations in ninaC cause defects in adapta-
tion and response termination of the photoresponse
[5,6]. In addition, ninaC photoreceptor cells undergo
light- and age-dependent retinal degeneration [6,11].
These alterations are solely due to the lack of p174,
whereas p132 seems to be dispensable for photo-
transduction [6]. Deletion of the protein kinase do-
main induced an ERG phenotype without inducing
retinal degeneration [12]. No in vivo substrates for
the ninaC protein kinase domain have been identi¢ed
yet. In vitro, the isolated recombinant protein kinase
domain of NINAC is able to phosphorylate a num-
ber of di¡erent substrates, including the regulatory
light chain of smooth muscle myosin (class II) and
NINAC p132 [13]. The molecular function and the
regulation of NINAC/myosin III protein kinase ac-
tivity in phototransduction remain to be clari¢ed.
Due to the di¡erent subcellular localizations of
p174 and p132, it appears possible that these two
splice forms have di¡erent preferred in vivo sub-
strates.
The tail domain of NINAC p174 is a necessary
determinant for rhabdomere localization, because
this is the portion that distinguishes it from NINAC
p132 [6]. The very C-terminus has been found to
interact with the protein INAD [14] (Fig. 2). INAD
represents a protein that contains ¢ve protein-protein
interaction motifs of approx. 90 amino acids, called
PDZ domains. It forms the sca¡old of a signalling
complex and interacts directly with many compo-
nents of the phototransduction machinery such as
rhodopsin, phospholipase C, protein kinase C, and
the light-sensitive channel subunits TRP and TRPL
[15^20] (Fig. 2). INAD also interacts with calmodu-
lin via a domain distinct from the PDZ motifs [18].
Although the fusion of the p174 C-terminus to a
reporter protein is su⁄cient to direct its localization
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Fig. 2. Schematic diagram of NINAC p174 and its direct and
indirect binding partners in the microvilli of the rhabdomeres.
NINAC p174 binds with its myosin head domain to F-actin
and with its C-terminus to INAD that is also interacting with
membrane-associated and membrane proteins. INAD contains
¢ve PDZ protein interaction motifs (1^5) and interacts with
phospholipase C, rhodopsin, protein kinase C, transient recep-
tor potential protein TRP, TRP-like TRPL and calmodulin.
TRP, TRPL and rhodopsin are transmembrane proteins.
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to the rhabdomeres, deletion in p174 of the C-termi-
nus does not abolish its localization in the rhabdo-
meres [14]. In accordance with these results, the sub-
cellular localization of NINAC p174 was normal in
INAD mutants. These results allowed to speci¢cally
address the consequences of the disruption of the
NINAC p174/INAD interaction. Disruption of this
interaction resulted in a delayed termination of the
photoresponse [14].
Phosphorylation of the NINAC p174 tail domain
also plays a role in termination of the photoresponse.
NINAC p174 is a phosphoprotein in vivo [21]. It can
be phosphorylated in vitro by protein kinase C [21]
and therefore, mutations were introduced in either of
two potential protein kinase C sites in the p174 tail
domain. These mutations resulted in a defect not
previously detected for other ninaC alleles. After ces-
sation of the light stimulus, there appeared to be a
transient reactivation of the visual cascade [21]. This
phenotype suggests that NINAC p174 is involved in
stable termination of the photoresponse.
Mutations in the kinase and the tail domains of
ninaC p174 revealed an important function for this
protein in adaptation and termination of the visual
cascade. The underlying exact molecular mechanisms
are only beginning to be elucidated. However, it is
clear that NINAC p174 is interacting with INAD
and that phosphorylation of the tail domain and
the phosphorylation of unknown substrate proteins
by its kinase domain are important factors for NI-
NAC p174 function in the visual cascade.
4. Evidence for motor activity of myosin III
Deletion of the myosin head domain or temper-
ature-sensitive mutations in the head domain cause
phenotypic alterations [12]. Deletion of the myosin
domain resulted in a phenotype indistinguishable
from the null phenotype, i.e. an altered ERG and
retinal degeneration. Although the tail domain of
NINAC p174 targets the protein to the rhabdomeres,
the myosin head domain also contributes to this spe-
ci¢c localization. NINAC p174 lacking its myosin
head domain was not only detected in the rhabdo-
meres, but in the cell bodies as well. More subtle
mutations of one or more residues in the myosin
head domain of NINAC p174 resulted in three
classes of transformants: (i) wild type; (ii) null phe-
notype; and (iii) null phenotype ERG, but reduced
retinal degeneration. Two separate mutations of con-
served residues in the myosin head domain were
found to cause a notable temperature sensitive phe-
notype. At the non-permissive temperature, they
were characterized by a severe retinal degeneration,
but a wild-type ERG. Therefore, retinal degeneration
is not necessarily linked with a defective ERG phe-
notype. These results indicate that the myosin do-
main of NINAC p174 participates in rhabdomere
localization, in maintenance of the rhabdomeres
and in phototransduction.
The neck domain of NINAC p174 binds two light
chains that were identi¢ed as calmodulin. Deletions
of the entire neck domain or of either one of the two
light chain binding motifs resulted in a partial or a
complete loss of calmodulin from the rhabdomeres,
respectively [6,12]. These results provide in vivo sup-
port for the observed in vitro interaction of calmod-
ulin with ninaC. Quite remarkably, these deletions
did not compromise the subcellular distribution of
p174 or the ability of NINAC to maintain the rhab-
domeres. Whereas deletion of both light chain bind-
ing sites resulted in an ERG identical to the null
phenotype, deletion of the ¢rst light chain binding
site gave an ERG similar to wild-type [6]. However,
£ies carrying a NINAC p174 with a deletion of the
second light chain binding site exhibited an ERG
phenotype similar to the null allele. Using a di¡erent
electrophysiological paradigm, a defect was noticed
when either of the two light chain binding sites in
NINAC p174 was deleted. Wild-type £ies show a
prolonged depolarization afterpotential (PDA)
upon exposure to intense blue light [22]. However,
moderate or low intensity blue light does not elicit a
PDA. It was found that deletion of either one of the
two light chain binding sites or of both light chains
resulted in PDAs under reduced blue light intensities
that did not induce PDAs in wild-type or in the
NINAC null mutant. The lack of PDA in the null
mutant is presumably due to the retinal degeneration
and hence decreased rhodopsin concentration. These
results suggest that the neck domain together with
the associated calmodulin is required in vivo for ter-
mination of the phototransduction. How does the
neck region with associated calmodulin contribute
to the functions of NINAC p174 in the photores-
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ponse? One possibility is that it interferes with the
postulated motor function. In other myosins dele-
tions in the neck region have been shown to a¡ect
regulation of the motor activity, mechanochemical
coupling and step size [23^25]. In NINAC, calmod-
ulin might also be involved in regulation of the pro-
tein kinase activity, in regulation of the Ca2 concen-
tration in the rhabdomeres [26] or in modulating the
activities of unrelated proteins [27].
In retinal tissue homogenates, NINAC was found
to co-sediment with actin ¢laments in an ATP-modu-
lated manner, a behaviour that is characteristic of
myosin molecules [28]. However, direct actin-based
motor activity has not been demonstrated for NI-
NAC. The mutant phenotypes observed upon muta-
tions of conserved residues in the myosin head do-
main, and upon deletions in the neck region, are at
least compatible with a defect in a putative motor
function. To understand the molecular mechanisms
of NINAC p174 function, it will be necessary to
further analyse its motor or related properties of
the myosin head domain.
5. Class IX myosins and signalling by the small
G-protein Rho
Currently, there are four complete myosin IX se-
quences known: myr 5 and myr 7 from rat, myosin
IXB from human and hum 7 from Caenorhabditis
elegans (Fig. 1). Human myosin IXB represents the
orthologue of rat myr 5 [29] and a partially cloned
human myosin IXA is the orthologue of rat myr 7
[30]. The class IX myosins from rat and human were
identi¢ed in searches for novel unconventional myo-
sins, whereas the class IX myosin from C. elegans
was uncovered by the genome sequencing project.
Unlike the class III myosins, class IX myosins are
expressed in many tissues and cell types [30^32].
The subcellular localization of class IX myosins ap-
pears to be partly cytoplasmic, and partly associated
with membranes and the actin cytoskeleton
[30,32,33]. The expression levels of class IX myosins
may vary during development and di¡erentiation
[30,32]. Sequence analysis revealed several notewor-
thy features common to all known class IX myosins.
They exhibit an extension N-terminal to the myosin
head domain. This extension is likely to adopt a
similar folding topology as the Ras-binding domains
of Raf-kinase and RalGEF, but it serves a di¡erent,
as yet unknown, function [34]. Within the myosin
head domain, they contain a large insertion. This
insertion is at the position of loop 2, also known
as the 50/20 kDa junction. Conventional class II my-
osins have at this position a short sequence of vari-
able length that is not conserved. Exchange of these
short £exible loops between di¡erent members of
class II myosins a¡ected the ATPase rates, the me-
chanochemical coupling, and the regulation [35,36].
This loop is also proposed to directly interact with
the actin ¢lament [37]. In other words, this myosin
head insertion in class IX myosins is well positioned
to modify motor or regulatory properties. Following
the myosin head domain, myr 5, human myosin IXB
and hum 7 contain a neck domain with four putative
light chain binding sites, whereas myr 7 contains six
putative light chain binding sites. The tail domains
are of variable length and, except for a short stretch
towards the C-terminus of myr 7, not predicted to
form an K-helical coiled-coil structure for dimeriza-
tion. All tail domains encompass a zinc binding re-
gion followed by a region with sequence homology
to GTPase activating proteins of the Rho subfamily
of small Ras-related, monomeric G-proteins. The
hum 7 myosin IX even has a second zinc binding
region in its tail domain. In human myosin IXB
the C-terminal tip of the tail can be alternatively
spliced and in myr 7/human myosin IXA four alter-
natively spliced regions have been identi¢ed, two in
the head domain and two in the tail domain [30,38].
6. Evidence for signalling activity of myosin IX
Class IX myosins contain in their tail domains a
region that shares about 30% sequence identity with
GTPase activating proteins of the Rho subfamily of
small G-proteins. The Rho subfamily has several
members, including Rho A^G, Rac, Cdc42 and
others [39]. They are thought to act like molecular
switches being active in their GTP-bound conforma-
tion and inactive in their GDP-bound conformation.
Activation and inactivation are both regulated by
accessory proteins. GTPase activating proteins
(GAPs) stimulate GTP hydrolysis turning the small
G-protein from their active GTP-bound into their
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inactive GDP-bound conformation. The mechanism
of how GAP proteins stimulate the intrinsic GTPase
activity of the small G-proteins has been determined.
The GAP provides an arginine residue (arginine ¢n-
ger) into the catalytic site of the small G-protein and
stabilizes the transition state during GTP hydrolysis
[33,40]. Biochemical in vitro experiments using the
myr 5 GAP domain demonstrated that myr 5 is a
RhoGAP. It stimulated the GTPase activity of Rho
A, B and C about 100-fold more e⁄ciently than the
GTPase activity of Cdc42 and about 1000-fold more
e⁄ciently than the GTPase activity of Rac, respec-
tively. It was inactive towards Rho D and members
of other subfamilies, like H-Ras ([33] and unpub-
lished observations). GAP activity with an identical
speci¢city was also observed with full length myr 5
expressed in Sf9 insect cells and for the GAP domain
of myr 7 [33,30]. Immunoprecipitated human myosin
IXB exhibited RhoGAP activity as well [38]. Rho A,
B, and C are highly homologous and it is assumed,
though not proven, that they have identical func-
tions, but are regulated di¡erentially. In vivo, Rho
is activated by extracellular factors such as e.g. lyso-
phosphatidic acid (LPA), bombesin and thrombin.
Activation of Rho triggers the formation of actin
¢lament bundles (stress ¢bres), the formation of focal
adhesions attaching cells to the extracellular matrix,
and several other processes (for reviews see [39,41^
43]). Therefore, increasing the amount of a negative
regulator of Rho in cells, such as a GAP, is expected
to cause a loss of stress ¢bres and of focal contacts.
Overexpression of myr 5 or myr 7 in HeLa or NRK
cells is doing just that [30,33]. The loss of actin stress
¢bres and focal contacts induced cells to adopt a
‘neuronal’ morphology including a rounding up
and the formation of several, sometimes very long
protrusions. The inactivation of Rho in the spherical
Sf9 insect cells by the overexpression of myr 5 also
induced the formation of numerous long thin protru-
sions containing occasional varicosities [33]. These
data provide strong evidence for class IX myosins
being RhoGAPs. Class IX myosins may spatially
and temporally control Rho signalling (Fig. 3). It is
likely that class IX myosins serve to integrate signals
as they exhibit Ca2 binding calmodulin light chains
[31,38] and at least myr 5 is a phosphoprotein in vivo
[44]. The exact roles of class IX myosins in Rho
signalling remain to be determined.
Zn2+
Zn2+
GAP
Rho
GTP
membrane
F-actin
extensionins
erti
on
head
light chains
myr 5
Fig. 3. Schematic diagram of myr 5 and its known binding partners. The myr 5 myosin head domain interacts with F-actin and the
GTPase-activating protein domain GAP stimulates the GTPase activity of GTP-bound Rho that is thought to reside in the (plasma)
membrane. For further details see in the text.
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7. Evidence for motor activity of myosin IX
Di¡erent actin ¢lament binding properties have
been reported for class IX myosins. Myr 5 has
been reported to bind in an ATP-regulated manner
to actin ¢laments, whereas human myosin IXB was
reported to bind avidly to actin ¢laments both in the
absence and presence of ATP [31,38]. In addition, we
noted that under certain circumstances myr 5 only
marginally binds to F-actin (unpublished observa-
tions). The reasons for these di¡erent behaviours
are currently not understood, but the data are sug-
gestive of regulatory mechanisms.
Evidence that human myosin IXB is a molecular
motor has been reported [38]. In a modi¢ed in vitro
sliding actin ¢lament assay, in which myosin IXB
was directly immunoprecipitated in the motility
chamber, myosin IXB was found to translocate actin
¢laments with a velocity of 15 nm/s under calcium
free conditions and at 10 nm/s at 10 WM free Ca2.
Although this is the slowest velocity of actin ¢lament
translocation for a myosin reported to date, it is
demonstrating that myosin IXB is a calcium-regu-
lated molecular motor. A detailed characterization
of class IX myosin motor properties awaits the avail-
ability of puri¢ed myosin IX. The di¡erent actin-
binding properties that were observed for class IX
myosins are indicative of regulatory mechanisms
that might also a¡ect velocity of actin ¢lament trans-
location. Because di¡erent myosins can exhibit dra-
matically di¡erent motor behaviours or may not even
be bona ¢de motors, we will need a detailed knowl-
edge about the motor characteristics and their regu-
lation. Only then, we will be able to understand these
myosins functions in signal transduction and integra-
tion.
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